SUMMARY Right ventricular papillary muscles from normal rabbits and rabbits with sustained pulmonary artery constriction (67% decrease in external diameter) were studied at several resting muscle lengths and at an early instant in the isometric twitch. Instantaneous force-velocity data were obtained at 30-38% of time to peak tension (TPT) and at 96%, 98%, and 100% of the resting muscle length at which active twitch tension was maximal. Unloaded shortening velocity (V max ) was estimated with a linearized form of the Hill hyperbolic formula, and was depressed in hypertrophy to 36% less than normal. We found that V max did not change with muscle length in the normal or hypertrophied muscles; therefore there was a length-and time-independent depression of contractile element shortening capacity that was consistent with previous work from this laboratory which demonstrated a depression of myosin and actomyosin ATPase activity in hypertrophy.
IN PREVIOUS studies of cardiac hypertrophy the forcevelocity relationship has been measured for afterloaded isotonic twitches in which the total load lifted by the muscle and the moment during the rising phase of the twitch when shortening commences were directly related; 1 "* each force-velocity point ocurred at a unique time during the twitch and, therefore, at a particular level of internal activity. 7 " 9 An instantaneous measure of force and velocity early in the twitch would allow an estimate of V max at a time when inactivation related to muscle shortening would be minimal. 10 Series elasticity has been evaluated in normal and hypertrophied myocardium 3 '" but there are no reports of quantification of contractile element function simultaneously with series elasticity at a relatively early instant in the twitch for normal and hypertrophied heart muscle. Therefore, in the experiments reported here, an isotonic "quick release" technique was used to obtain force-velocity and stress-strain data early in the rising phase of the isometric twitch of normal and hypertrophied isolated myocardium, at a time preset relative to time to peak tension (TPT). In normal heart muscle the extrapolated value of shortening velocity at zero load (V max ) was independent of initial external length over a range from 96% to 100% of the length at which maximal peak active isometric tension occurs (L max ). 12 In the experiments reported here quick releases were used to determine the force-velocity relationship at 96-100% L max . If the length-independence of V max were confirmed for normal and observed for hyper-trophied heart muscle, then a difference in V max levels between normal and hypertrophied myocardium would suggest an intrinsic change in contractile element V max . The sarcomere ultrastructure in hypertrophy, in particular the average sarcomere length at L max , is unchanged from normal. 13 " 15 We hypothesized that V max would be independent of initial muscle length in the normal and hypertrophied papillary muscles and would be depressed in the latter.
Methods

PREPARATION OF RABBITS
Male Canadian albino rabbits, housed under constant environmental conditions for several weeks, underwent thoracotomy when body weight reached 2,000 g. Intravenous anesthetization with promethazine HC1, 25 mg, and pentobarbital sodium, 25 mg/kg, was followed rapidly by endotracheal intubation and methoxyflurane inhalational anesthesia delivered via positive pressure ventilation. Small intravenous doses (2 mg) of succinylcholine were administered when necessary for relaxation during surgical anesthesia. A left lateral thoracotomy in the 3rd interspace exposed the proximal main pulmonary artery. A Monel metal spiral with an inner diameter of 3.0 mm and 2.5 turns was "twirled" around the proximal main pulmonary artery, the average external diameter of which was 9.0 mm; this resulted in a 6 7 % reduction in vessel diameter. Normal male rabbits matched for body weight were maintained in the same environment with the thoracotomized rabbits.
HEMODYNAMIC STATUS AND EXTENT OF HYPERTROPHY
At 37-80 days after surgery, the hemodynamic status was evaluated in a series of rabbits with pulmonary artery constriction and in normal rabbits, including some of the rabbits used in the present experiments. 16 Results are expressed as mean ± SEM. * Time from peak active isometric tension to V2 that value (time to V2 relaxation). t N = normal (n = 5); H = hypertrophy (n = 9).
Immediately following the pressure measurements the heart was removed and a suitable right ventricular papillary muscle was excised, as described below. The right ventricular free wall was weighed separately from the left ventricular wall and septum; the blotted weights of both portions were obtained, then samples were dried to constant weight.
MECHANICAL STUDIES
The rapidly excised heart was rinsed in modified Krebs-Ringer solution 16 through which a 95% O 2 -5% CO 2 gas mixture was bubbled. A miniature aluminum clamp 17 was affixed to each end of the longest, thinnest right ventricular papillary muscle obtainable; care was taken to exclude ventricular wall remnants and chordae tendineae from between the two clamps. The clamped papillary muscle was transferred rapidly to a chamber perfused with the Krebs-Ringer solution at a temperature of 24°C; chamber temperature was controlled by a heat exchanger in the circuit and monitored by a thermistor probe close to the muscle. Gas dispersion occurred in the reservoir of a closed circuit perfusion system. 16 The clamp at one end of the muscle was attached to a hook in the floor of the chamber; the clamp at the other end was connected to the end of the long arm of a magnesium lever via a straight stainless steel tubing (outer diameter = 0.41 mm) link. Weights were suspended from the short arm of the lever with a spring and damper system to minimize inertial transients during muscle shortening. The equivalent mass of the lever, measured by suddenly applying a constant force at the end of the long arm and documenting the resulting acceleration, was 52 mg. Compliance was evaluated by substituting a rigid link for the muscle and recording the displacement that resulted with a series of weights suspended from the short arm of the lever; the compliance was 1.01 x 10~2 mm/g. Resonant frequency was calculated on the basis of the values for equivalent mass and lever system compliance and was 688 Hz.
The stainless steel tubing hook in the floor of the chamber was connected by means of a quartz tubing link through a mercury seal to a stable parallel plate capacitance force transducer built into the base of the chamber. 18 The displacement transducer was a photoelectric system in which a segment of the long arm of the lever modulated the light path between a miniature bulb and a two-element silicon cell. The silicon cell was part of a bridge circuit, the ouput of which was amplified for display and recording; the sensitivity was 3.0 V/mm. Two parallel platinum electrodes, 0.6 mm wide, 8 mm long, and 0.19 mm thick (bonded to plastic struts), were arranged on either side of and close to the muscle. A massive field stimulus, consisting of a square wave 2 msec in duration and approximately 10% above threshold (40-60 mA) occurred once every 5 seconds. The first derivative of displacement and force with respect to time were obtained electronically with a differentiator having a time constant of 1.5 msec. All analog signals were recorded on a Beckman-Offner type RM Dynograph four-channel oscillograph (frequency response, flat to 130 Hz; center, 1 cm of scale). The lever housing was bolted to a spring-loaded dovetail support with movement of the housing controlled by a micrometer with 0.01-mm gradations. For isometric studies the lever was prevented from moving by applying a partial vacuum to a small magnesium plate on the upper surface of the end of the long arm. 16 With the lever constrained, muscle length was adjusted by the micrometer position control of the lever housing. The force transducer output was connected to the input of an adjustable voltage level detector which provided an activating signal to a solenoid valve when the voltage reached a preset level. In this manner the solenoid valve was actuated at a predetermined force transducer voltage level, effecting a "quick release" of the lever at a selected isometric force level. The lever was released at an isometric active force level corresponding to the onset of dP/dtmax, determined in equilibrated isometric twitches prior to the series of twitches with quick releases. The isometric force level at which dP/dt ma x occurred was checked periodically and remained constant. The above protocol resulted in quick releases at 38 ± 2%* of time to peak tension (TPT) in the normal, and at 30 ± 2% of TPT in the hypertrophied preparations ( Table 1) . Isotonic quick release perturbations were introduced at approximately 5-minute intervals so as to ensure adequate time for the muscle to reequilibrate. 19 All chemicals used in these experiments were reagent grade, and double glass-distilled water was used throughout.
CIRCULATION RESEARCH
VOL. 40, No. 1, JANUARY 1977 After each experiment the papillary muscle was blotted and weighed. Average cross-sectional area was estimated on the basis of muscle weight, length, and an assumed specific gravity of 1.05. All force levels were expressed in grams, i.e., gram weight, and were normalized to crosssectional area. Cross-sectional areas did not differ significantly between muscles from normal hearts (0.72 ± 0.06 mm 2 ) and hypertrophied hearts (0.80 ± 0.17 mm 2 ) (P > 0.05); as noted above, papillary muscles from normal and hypertrophied ventricles were selected so as to maximize length and minimize diameter.
All shortening velocity values (millimeters per second) were divided by initial muscle length to convert them to lengths per second to permit comparisons of velocity data from different length muscles and in the same muscle at different lengths. No correction for system compliance was made in the calculations of muscle elasticity. Analysis of variance and linear regression analysis were used in the data analysis.
Results
HEMODYNAMIC STATUS
There were no signs of congestive heart failure at the time the rabbits were killed. Right ventricular intraluminal end-diastolic pressures were significantly elevated in the banded rabbits.' 6 The end-diastolic pressure levels were similar to those reported for cats with compensated right ventricular hypertrophy caused by pulmonary artery banding and were less than the levels reported for cats with right ventricular failure. 1
CARDIAC TISSUE STUDIES
The right ventricular free wall weight, expressed as the percentage of total heart weight, was significantly increased in the rabbits with pulmonary artery constriction (34.0 ± 0.5%) as compared to the percentage in normal rabbit hearts (21.0 ± 0.8%) (P < 0.001). The water content of hypertrophied myocardium (81.4 ± 0.9%), calculated as [(wet weight -dry weight)/wet weight] x 100, did not significantly differ from that of normal myocardium (80.2 ± 1.2%) (P > 0.05), therefore there was no cardiac muscle edema. Right ventricular free wall mass was 1.86 ± 0.07 g in the hypertrophied hearts and 1.08 ± 0.06 g in the normals.
MECHANICAL STUDIES
Isometric Results
At 96%, 98%, and 100% L max peak active isometric tension attained by papillary muscles from hypertrophied ventricles (n = 9) was not significantly different from the levels observed in normal muscle (n = 5) ( Table 1 ). The maximum rate of isometric tension development (dP/ dt max ) in the hypertrophied muscles was significantly reduced below normal levels (P < 0.01) and TPT was significantly greater than normal at all the lengths studied (P < 0.01) ( Table 1) . TPT was measured from the onset of the isometric twitch and excludes the latent period. There was no significant difference between the normal and hypertrophied muscles in the time from the peak of the isometric twitch to V2 that value on the descending limb (time to [ h relaxation; TV2R).
Passive isometric tension levels in the hypertrophied muscles were not different from normal at the lengths studied. However, the tangent modulus of the parallel elastic component, determined with quick stretches of the resting muscles, was increased in the hypertrophied preparations. 16 lsotonic Results
The Contractile Element. The relationship of muscle shortening velocity to the load moved can be described by the Hill rectangular hyperbola:
where a and b have the dimensions of force and velocity, respectively, and are the asymptotes. The force and velocity data in these experiments were analyzed with linearized form of this hyperbola 17 -20 -21 as follows:
The external length of the muscle (L), in millimeters, appears because all velocity values, including the constant b, were normalized to the initial muscle length. Brady 8 reported that quick stretches during the onset of a cardiac muscle isometric twitch elicited force levels no greater than peak active tension (P max )-Therefore, P max w a s a close estimate of the maximal force (P o ) developed by a papillary muscle. Relative force was expressed as the ratio of the total load lifted by the muscle (P) to P max at that initial length. The linearized form of the hyperbola was used to estimate V max ; the reciprocal of the slope of the linear regression of L(l -[P/P max ])/V on P/P max was b/L, and V max was the reciprocal of the intercept with the ordinate, that is, (b/L)/(a/P max ). Data from a representative normal and hypertrophied muscle selected for similarity of cross-sectional area illustrate the extent of depression of the force-velocity relationship in hypertrophy as compared with normal myocardium at 96%, 98%, and 100% L max (Figs. 1 and 2) . All the force-velocity data for a muscle were included in the linear regression analyses. The data from the three initial muscle lengths were superimposable within the normal and hypertrophied groups. There was minimal deviation from a hyperbolic forcevelocity relationship (Fig. 1) and there was no overlap of the data for normal and hypertrophied muscles. The intercept at the ordinate in Figure 1 is the reciprocal of V max ; V max of the hypertrophied preparation was 0.78 L/sec and the normal was 1.31 L/sec. Coordinates predicted by the regression formulas were used to plot the curves in Figure  2 .
When all force-velocity data from all muscles were analyzed as above, V max of the hypertrophied muscles was 0.83 ± 0.04 L/sec and was significantly less than the normal level of 1.19 ± 0.07 L/sec (F < 0.001).
The Series Elastic Element. The elastic properties of the activated muscles were assessed by analyzing the initial undamped shortening phase of the quick release perturbations at dP/dt max . 22 -23 Figure 3A Linearized force-velocity data at 96-100% L max . All force-velocity data at 96% (stars), 98% (triangles), and 100% (circles) L max are presented in a normal and a hypertrophied muscle selected for similarity of cross-sectional area: normal = 0.61 mm'1; hypertrophy = 0.51 mm 2 . P max = peak active isometric tension at each initial length. P max at L max in the normal is 3.87 gl mm 2 and in the hypertrophy is 4.62 glmm 2 . See text for further discussion of the linearization analysis.
max FIGURE 2 The force-velocity relationship at 96% (stars), 98% (triangles), and 100% (circles) L max in the same muscles as in Figure 1 . P max and P are defined as in Figure 1 .The normalization of velocity to initial muscle length is discussed in the text. The curves are constructed using coordinates predicted by the linear regression analyses in Figure 1 .
strain data obtained from all the muscles. The nonlinear stress-strain relationship was studied further by analysis of the linear regression of the ratio of stress to strain on stress (Fig. 3B ). There was no significant difference between the linear regressions of the data for normal and hypertrophied muscles. Consequently, in agreement with previous observations, 3 '" there was no significant change in the elastic properties of the series elastic component as a result of hypertrophic growth.
Discussion
Within minutes after the onset of systolic ventricular overload there is an increase in myocardial protein synthesis. 24 Eventually ventricular wall cell enlargement results from the addition of sarcomeres in series and parallel. 13 The sarcoplasmic reticulum and transverse tubular system are increased in proportion to the cellular enlargement. 14 The organization of the contractile apparatus in hypertrophied muscle is not changed from normal; left ventricular wall sarcomere length assessed at low end-diastolic pressures is unchanged in hypertrophy when compared with normal. 15 There is muscle fiber enlargement in papillary muscles from right ventricles in cats with sustained pulmonary artery banding. 1 -25 There was no difference in the cross-sectional areas of the normal and hypertrophied papillary muscles in the VOL. 40, No. 1, JANUARY 1977 present study because we selected the longest, thinnest muscles in order to avoid the problems of hypoxia of the central fibers 26 and less active force development in thicker muscles. 2 There were no reported data regarding the uniformity of cellular enlargement in papillary muscles within a ventricle and we chose muscles entirely on the basis of suitability for isolated mechanical studies.
CIRCULATION RESEARCH
Contractile element shortening was characterized by the force-velocity relationship at the same early instant in the twitch relative to TPT for hypertrophied and normal muscles and at a time when the ability to shorten had reached a maximum. 27 The significant depression of the instantaneous force-velocity relationship in hypertrophied as compared with normal myocardium at L max agreed with most mechanical observations utilizing an afterloaded isotonic technique. 1 " 4 ' 6 V max was depressed in hypertropied muscles to 36% below normal levels (calculated as [(normal V ma x -hypertrophy V max )/normal V max ] x 100), but in normal and hypertrophied myocardium V max was constant at initial external lengths from 96% to 100% L raax ( Figs. 1  and 2) .
At low loads muscle function was not altered by the isotonic quick release perturbations" nor at higher loads by the extent of internal shortening as has been described for isotonic afterloaded twitches. 8 The velocities reported here for normal rabbit right ventricular papillary muscles were comparable to velocity levels obtained for rabbit myocardium by others with lever-damping techniques (9, 28) and for cat right ventricular papillary muscles at 20°C. 29 Bodem and Sonnenblick 30 reported that deactivation of the contractile system due to quick releases was minimized at 24°C, the temperature used in the experiments reported here. During the first third of TPT the velocity-length trajectory following a quick release became coincident with an isotonic afterloaded twitch, i.e., an early quick release such as was used in the experiments reported here did not alter the isotonic activity in the remainder of the twitch in cat papillary muscles. 31 Releases were not done later than the first third of TPT. 28 ' 30 On the basis of the above arguments and the lack of significant fall-off of velocity at low loads ( Figs. 2 and 3) , the muscle shortening velocities at low total loads (low preloads at 96% and 98% L max ) in normal and hypertrophied papillary muscles were a close approximation of unloaded contractile element velocity and minimized the extent of extrapolation to obtain V max (Figs. 1 and 2) . The estimated velocity of muscle shortening at "zero" contractile element load should represent the maximal rate of cross-bridge turnover, unimpeded by tension maintenance, and be related to the ability of the contractile proteins to hydrolyze ATP. V max has been directly correlated with the ability of skeletal muscle myosin to hydrolyze ATP and release the energy for shortening. 32 Hypertrophied cat left ventricular myocardium 33 and right ventricular muscle from rabbits used in these experiments, as well as myocardium from other rabbits with similar pulmonary artery bands, 34 manifested depressed actomyosin ATPase activity, and the extent of depression was similar to that of V max reported here.
The resting tension at the shorter muscle lengths was low in hypertrophied and normal muscles ( Table 1) . Fur-thermore, in three-element mechanical analogs of cardiac muscle the tension across parallel elastic elements was discharged during an isotonic quick release to a total load substantially less than the preload. 16 At a low tension (stress) across the parallel elastic elements the tangent moduli of normal and hypertrophied muscles were similar. 16 Consequently the possible effects of parallel elasticity on muscle shortening velocity 35 were minimized in the experiments reported here.
In the studies reported here the changes in the isometric twitch that occur with hypertrophic cardiac muscle growth'" 3 have been confirmed ( Table 1 ). In addition, the shortening capacity of hypertrophied, as compared to normal, muscle has been studied at a constant early time in the twitch and was characterized as follows: (1) V raax in hypertrophied muscles was significantly depressed when measured at a constant relative time in the twitch, and (2) V max was independent of initial muscle length from 96% to 100% L max in hypertrophied and normal muscles, and therefore was a reflection of maximal speed of contractile element motion in the region of optimal myofilament overlap. The intrinsic defect in the ability of the contractile element to shorten may be related to alterations in the myosin molecule. 33 ' 34 The changes from normal in the isometric twitch in hypertrophy may in part be related to depressed contractile element function or altered internal Ca 2+ movement, or both, 25 but were not the result of changes in series elasticity (Fig. 3) .
Congestive heart failure was not present in the rabbits studied in our experiments, but there were substantial changes in myocardial mechanical properties. The depression of shortening velocity with hypertrophy was substantial but when time constraints were not severe, as in an isometric twitch with a prolonged time to peak tension, hypertrophied myocardium generated close to normal active isometric force levels. In the intact mammal with cardiac hypertrophy, without failure, extrinsic factors, particularly the sympathetic nervous system, compensated for the intrinsic functional deficit, at least when the rabbit was at rest. Under conditions of stress, such as endurance exercise when the heart must beat faster, maintain or increase stroke volume, and pump at higher systolic pressures, the patient with a hypertrophied "non-failed" heart performed less well than the normal subject. 36 
